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(54) Heat resistant steel 



(57) A heat resistant steel which comprises, by 
mass %, C: 0.01-0.25%. Cr. 0.5-8%, V: 0.05-0.5%, Si: 
not more than 0.7%. Mn: not more than 1%, Mo: not 
more than 2.5%, W: not more than 5%, Nb: not more 
than 0.2%, N: not more than 0.1%, Ti: not more than 
0.1%, Ta: not more than 0.2%, Cu: not more than 0.5%, 
Ni: not more than 0.5%, Co: not more than 0.5%, B: not 
more than 0. 1 %, A1 : not more than 0.05%, Ca: not more 
than 0.01%, Mg: not more than 0.01%, Nd: not more 
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than 0.01%, with Fe and impurities accounting for the 
balance, the chemical composition of which satisfies the 
relations C - 0.06 x (Mo + 0.5 W) ^ 0.01 and Mn + 0.69 
x log(Mo.+ 0.5 W + 0.01)^ 0.60 wherein the symbols 
for elements represent the contents, on the % by mass 
basis, of the elements in the steel, and in which, among 
precipitates inside grains, precipitates having an aver- 
age diameter of not more than 30 nm are present at a 
density of not less than 1/jj.m 3 . 



CO 
CM 
O 

CO 



CL 
LU 



Pnntea oy Jouve. 75001 PARIS (PR) 



BNSDOCID ■ ■-" " .1 143026A1_I_> 



EP 1 143 026 A1 

Description 

~IELD OF THE INVENTION 

5 [0001] This invention relates to a heat resistant steel having a Cr content of not more than 8% by mass and suited 
for such uses as heat exchangers, steel pipes for piping, heat resistant valves and members or parts required to be 
welded in the fields of boilers, chemical industries and nuclear energy utilization, among others, in particular to a heat 
resistant steel having a Cr content of not more than 8% by mass and excellent in creep strength at elevated temper- 
atures not lower than 400°C and in toughness. In the description which follows, a Cr steel having a Cr content of not 

10 more than 8% by mass is referred to as "low/medium Cr steel". 

BACKGROUND OF THE INVENTION 

[0002] So far in high temperature environments not lower than 400°C, austenitic stainless steels, Cr steels with a 
is Cr content of 9 to 12% by mass (hereinafter referred to as "high Cr steels"), low/medium Cr steels and carbon steels 
have been used selectively in respective matched fields taking into consideration both the environment (e.g. temper- 
ature, pressure) and the economical feature. 

[0003] Among the various heat resistant steels mentioned above, low/medium Cr steels contain Cr and therefore 
are superior to carbon steels in oxidation resistance, high temperature corrosion resistance, strength at elevated tern- 

20 peratures and creep strength. Furthermore, although low/medium Cr steels are inferior to austenitic stainless steels 
in strength at elevated temperatures or creep strength, they have smaller thermal expansion coefficient and, in addition, 
are much more inexpensive. Comparing with the high Cr steels as well, low/medium Cr steels are more inexpensive 
and are characterized in that they have superior in toughness, weidability and heat conductivity. 
[0004] Therefore, the so-called "Cr-Mo steels", namely the low/medium Cr heat resistant steels have been used in 

25 many instances, for example the steels STBA 20, STBA 22, STBA 23, STBA 24 and STBA 25 as defined in JIS G 
3462, also known as 0.5 Cr-0.5 Mo steel, 1 .0 Cr-0.5 Mo steel, 1 .25 Cr-0.5 Mo steel, 2.25 CM .0 Mo steel and 5.0 Cr- 
0.5 Mo steel, respectively, based on the Cr and Mo contents on the % by mass basis. 

[0005] Meanwhile, improvements in strength at elevated temperatures and creep strength of low/medium Cr heat 
resistant steels have so far been achieved by addition of V, Nb, 71, Ta and the like, which are precipitation strengthening 
30 elements. Well known as such precipitation-strengthened low/medium Cr heat resistant steels are, for instance, 1% 
CM% Mo-0.25% V steel, which is a material for turbines, and 2.25% Cr-1% Mo-Nb steel, which is a material of con- 
struction of fast breeder reactors, so called based on the contents on the % by mass basis. 

[0006] Furthermore, low/medium Cr ferritic steels of the precipitation strengthening type have been disclosed in 
patent specifications, for example in JP Kokai S63-18038, JP Kokai H01-316441, JP Kokai H02-217439, JP Kokai 
35 H06-220532, JP Kokai H08-1 34585 and WO 96/14445. 

SUMMARY OF THE INVENTION 

[0007] Generally, the strength at elevated temperatures and creep strength of heat resistant steels are very important 
40 in designing pressure members or parts, and are desired to have high strength regardless of the temperature the steel 
is to be used. In particular, in the case of heat-resistant pressure steel pipes used in boilers, chemical industries, nuclear 
energy utilization and like fields, steels having high strength at elevated temperatures and creep strength are required, 
and the wall thicknesses of the steel pipes are determined based on the strength at elevated temperatures and creep 
strength of the materials. Therefore, improvements in strength at elevated temperatures and creep strength of low/ 
^5 medium Cr steels have so far been achieved by solid-solution strengthening and precipitation strengthening. However, 
the strength at elevated temperatures and the creep strength after a long period of use are not always compatible with 
each other. 

[0008] The improvements in strength at elevated temperatures of low/medium Cr heat resistant steels have been 
generally achieved by increasing the contents of C, Cr, Mo and W. However, in the case of steels having increased 
50 strength at elevated temperatures as a result of containing these alloying elements beyond their solubility limit, carbides 
and/or intermetallic compounds, which comprise C, Cr, Mo and W as main components, may precipitate after a long 
period of use at elevated temperatures, leading to decreases in creep strength on the higher temperature after a long 
period of use. Thus, even the conventional "Cr-Mo steels" cannot avoid this problem. 

[0009] On the other hand, when the strength, in particular strength at elevated temperatures, of tow/medium Cr steels 
55 is increased by precipitation strengthening, no adequate metallographic control leads to the following problems. 

(a) Although unused materials or materials used for only short period of time exhibit high strength at elevated 
temperatures and high creep strength, materials used at elevated temperatures for 10,000 hours or longer reduce 
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effects of precipitation, so that they may not have stable strength at elevated temperatures and creep strength any 
longer. This is because while carbides, nitrides and intermetallic compounds contribute to precipitation strength- 
ening in unused materials or materials used for only short period of time, the aging occurring during a long period 
of time at elevated temperatures results in coarsening of these precipitates, whereby the precipitation strengthening 
5 effect may be lost. 

(b) In precipitation hardening steels, the grain inside has been strengthened, so that the strength of grain bound- 
aries is relativelyweak, and this may lead to deteriorations in toughness and corrosion resistance. 

(c) When the microstructure of a steel is a dual-phase consisted of bainite and f errite or martensite and ferrite, fine 
precipitates are precipitated inside bainite or martensite, whereby the strength at elevated temperatures and creep 

10 strength increase whereas, in ferrite, the precipitates easily become coarsened and the precipitation strengthening 

effect reduces. Thus, the each phase forming the above dual phase exhibits different deformabilities (e.g. strength 
at elevated temperatures and ductility) and the toughness and/or creep strength may deteriorate. Further, during 
use at elevated temperatures, the precipitates may become coarsened at the boundary between bainite and ferrite 
or at the boundary between martensite and ferrite, leading to deterioration in toughness and/or fatigue property. 

15 

[0010] Therefore, 1% Cr-1% Mo-0.25% V steel, 2.25% Cr-1% Mo-Nb steel and the precipitation strengthening type 
low/medium Cr steels proposed in the above-cited patent specifications have the following problems, respectively. 
[0011] In the case of 1% Cr-1% Mo-0.25% V steel, the amount of V carbonitride precipitates becomes excessive 
and, in addition, the precipitates readily become coarsened and, therefore, the toughness and/or creep strength may 
20 deteriorate. 

[0012] In the case of 2.25% Cr-1% Mo-Nb steel, grain boundary precipitates such as M 6 C carbides readily become 
coarsened and the amount of Mo in solid solution in the matrix rather decreases, so that the toughness and creep 
strength may deteriorate. 

[0013] In the case of the 3% Cr-1% Mo-W-V steel proposed in JP Kokai S63-18038, M 6 C carbides are easy to 
25 precipitate and the amounts of Mo and W in solid solution in the matrix rather decrease, leading to deterioration in 
creep strength, in particular creep strength after a long period of use where the time to rupture exceeds 6;000 hours, 
as the case may be. 

[0014] The "heat resistant steel excellent in toughness" proposed in JP Kokai H01 -316441 is a heat resistant steel 
based on Cr-Mo steel and containing V. However, it is necessary that the metallography should be of the dual phase 

30 comprising ferrite and bainite or ferrite and pearlite. Furthermore, as described in the example section, the ferrite phase 
content is not less than 70%. Therefore, it is poor in strength at elevated temperatures in some instances. 
[0015] The "high strength low alloy steel excellent in corrosion resistance and oxidation resistance" proposed in JP 
Kokai H02-217439 is a heat resistant steel based on Cr-Mo steel and containing V, Nb, Cu, Ni, etc. However, for the 
steel disclosed in the above-cited publication, no attention has been paid to the precipitates in the microstructure, and 

35 M 6 C carbides may easily precipitate depending on the content balance among C, Mn, Mo and W. Thus, one of the 
strength at elevated temperatures, creep strength and toughness may deteriorate in certain instances. 
[0016] The steel described in JP Kokai H06-220532 is a high yield ratio, high toughness, non-heat treated high 
strength steel based on a Cr-Mo steel and contains Nb, V : Ti and B and comprises a bainite phase with a proeutectoid 
ferrite area percentage of not higher than 1 0%. For this steel, however, no consideration is given to the precipitates in 

40 the microstructure and M 6 C carbides may easily precipitate depending on the content balance among C, Mn, Mo and 
W. Thus, one of the strength at elevated temperatures, creep strength and toughness may deteriorate as the case may 
be. 

[0017] Further, the "ferritic heat resistant steel excellent in strength at elevated temperatures and oxidation resist- 
ance" proposed in JP Kokai H08-1 34585 and the "ferritic heat resistant steel excellent in strength at elevated temper- 
as atures" proposed in WO 96/1 4445 each is a steel based on Cr-Mo steel and containing V, Nb and B, with a microstructure 
comprising not more than 15%, in sectional area percentage, of proeutectoid ferrite, with the balance being bainite. 
For the steels disclosed in the above two publications, no consideration is made concerning the precipitates in the 
microstructure of the steels and, furthermore, M 6 C carbides may easily precipitate depending on the content balance 
among C, Mn, Mo and W and, thus, one of the strength at elevated temperatures, creep strength and toughness may 
so deteriorate as the case may be. 

[0018] If the strength at elevated temperatures and creep strength of low/medium Cr heat resistant steels : having 
above-mentioned various problems can successfully be still more increased, the following advantages will be obtained. 
[0019] While so far, for securing strength at elevated temperatures and creep strength, high Cr steels have been 
used even in use environments where high temperature corrosion resistance is not so strictly required, the characteristic 
55 features of low/medium Crsteels, for example goodweldability, as well as the economically advantageous, if low/me- 
dium Cr steels can be used instead of high Cr steels. 

[0020] In the conventional fields of application as well, it will become possible to reduce the wall thickness to thereby 
improve the heat conductivity and thus improve the very thermal efficiency of 'plants. Thus, it will be also possible to 
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reduce the thermal stress resulting from starting and stopping of plants. 

[0021 ] Furthermore, owing to weight reductions resulting from the reduction in wall thickness, it will become possible 
to make plants compact and reduce the production cost. 

[0022] Accordingly, it is an object of the present invention to provide a heat resistant steel containing not more than 
5 -8% by mass of Cr and showing high creep strength at elevated temperatures not lower than 400°C ? in particular at 
temperatures of about 400 to 600°C. and showing stable strength at elevated temperatures even after a long period 
of use in such temperature range and, furthermore, showing excellent toughness. 
[0023] The gist of the present invention is as follows. 

[0024] Thus, it lies in "a heat resistant steel which comprises, by mass %, C: 0.01 -0.25%, Cr: 0.5-8%. V: 0.05-0.5%. 

w Si: not more than 0.7%, Mn: not more than 1%, Mo: not more than 2.5%, W: not more than 5%. Nb: not more than 
0.2% : N: not more than 0.1%, Ti: not more than 0.1%, Ta: not more than 0.2% ; Cu: not more than 0.5% ; Ni: not more 
than 0.5% : Co: not more than 0.5%, B: not more than 0.1%, Al: not more than 0.05%, Ca: not more than 0.01%, Mg: 
not more than 0.01%, Nd: not more than 0.01%, with Fe and impurities accounting for the balance, the chemical 
composition of which satisfies the relations (1) and (2) given below and in which, among precipitates inside grains, 

15 precipitates having an average diameter of not more than 30 nm are present at a particle density of not less than 1 /u.m 3 
(nameiy : 1 particle per 1u.m 3 )." 

C - 0.06 x (Mo + 0.5 W) ^ 0.01 (1) 

20 

Mn + 0.69 x log(Mo + 0.5W + 0.01) ^ 0.60 (2) 

In the above formulas (1) and (2), the symbols for elements represent the contents, on the % by mass basis, of the 
25 elements in the steel. 

[0025] The term "average diameter" as used herein specifically means the value defined as 1/2 of the sum of the 
major axis length and the minor axis length. 

[0026] The "precipitates having an average diameter of not more than 30 nm" as so defined herein can readily be 
observed by observation using a transmission electron microscope at an accelerating voltage of not lower than 100 

30 kV. In particular when an ultrahigh voltage transmission electron microscope is used, for example at an accelerating 
voltage of 3,000 kV, it is possible to observe the objects in the atomic level, the lower limit to the average diameter of 
the above precipitates may be set at about 0.3 nm corresponding to the lattice constant of Fe or the precipitates. At 
an ordinary accelerating voltage (e.g. 100-200 kV), however, those having an average diameter of 2 nm or smaller are 
out of the resolving power of a transmission electron microscope and may not be distinctly identified. Therefore, it is 

35 practical to set the lower limit to the average diameter of the above precipitates at 2 nm. 

[0027] The low/medium Cr heat resistant steel of the present invention may be either a forging steel or a cast steel. 

DETAILED DESCRIPTION OF THE INVENTION 

40 [0028] The present inventors made various investigations concerning the relations between the chemical composi- 
tion of low/medium Cr heat resistant steel with a Cr content of not more than 8% by mass, precipitates therein and the 
matrixmicrostructure, on one hand, and, on the other, the toughness, creep strength and strength at elevated temper- 
atures not lower than 400°C, in particu lar in the temperature range of 400-600°C and, as a result, obtained the following 
findings. 

45 

1 . When M 6 C carbides precipitate at grain boundaries, one of the creep strength, strength at elevated temperatures 
and toughness is reduced. When, however, the contents of C, Mn, Mo and W satisfy the relations (1) and (2) given 
above in low/medium Cr heat resistant steels having a specific chemical composition, M 6 C carbides will not pre- 
cipitate out. Furthermore, the amount of solute Mo and/or the amount of solute W, which is effective for the creep 

50 strength after a long period of use, can be secured. 

2. V is hardly dissolved in M 6 C carbides. In other words, V is scarcely contained among the metal elements M in 
M 6 C carbides. 

3. When fine precipitates having an average diameter of not more than 30 nm are present inside grains with a 
density of not less than 1/u,m 3 the strength at elevated temperatures and creep strength of low/medium Cr heat 

55 resistant steel are increased due to the precipitation strengthening effect. 

4. The precipitates having an average diameter of not more than 30 nm and precipitating inside grains as "coherent 
precipitates" lead to more increased strength at elevated temperatures and creep strength. 

The term "coherent precipitates" as used herein collectively means those fine carbides, nitrides or carbonitrides 
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and mixed precipitates of them precipitated inside grains which may be represented by MX, where M is a metal 
element with V, Nb, Ti, Ta and the like as main constituents and X is C or N, including VC, VN. NbC, NbN, TiC. 
TiN. TaC. TaN. etc.. or by M 2 X. where M is a metal element with Mo and Cr as main constituents and X is CorN. 
including Mo 2 C, Cr 2 N, etc. Hereinafter the above coherent precipitates are sometimes referred to also as MX type • 
precipitates for short. The term "coherent precipitates" includes those precipitates for which the interface between 
the matrix and the precipitate is partly coherent, with interface dislocations existing there. 

When the precipitates with an average diameter of not more than 30 nm precipitating inside grains are "co- 
herent precipitates", the effect of (4) may be obtained by the following reasons. 

4-1: The above-mentioned MX type precipitates have a spherical shape in the early stage of precipitation at 
elevated temperatures and have the same body centered cubic structure (bcc) as the matrix and are in an 
entirely coherent relationship with the matrix. 

4-2: Although the structure of these MX type precipitates is converted to the face centered cubic structure (fee) 
due to tempering or high temperature aging during use and, on that occasion, their shape changes into thin 
disks, they retain a coherent relationship with the matrix while they have a disk-like shape. 
4-3: While the MX type precipitates retain coherence with the matrix, dislocations are pinned by coherent 
strains generated around the MX type precipitates and it becomes difficult for the dislocations to move and, 
accordingly, the recovery softening of the matrix structure is suppressed and, at the same time, the deformation 
resistance is increased. Further, dislocations otherwise moving on the occasion of plastic deformation are also 
pinned, so that the deformation resistance is increased. As a result, the strength at elevated temperature and 
creep strength are increased. 

4-4: While the MX type precipitates retain coherence with the matrix, the MX type precipitates are strained by 
the matrix, so that the growth and coarsening of the MX type precipitates themselves are suppressed. There- 
fore, the fine MX type precipitates are retained stably and at high densities and the precipitation strengthening 
effect is maintained over a long period of use at elevated temperatures; stable strength at elevated tempera- 
tures and creep strength are thus obtained. 

5. For not only increasing the strength at elevated temperatures and creep strength of a low/medium Cr heat 
resistant steel but also increasing the creep rupture ductility and toughness thereof, it is preferable to consider the 
precipitates at grain boundaries besides M 6 C carbides as well precipitates inside grains. 

6. Even in a composition system in which M 6 C carbides will not precipitate at grain boundaries, such precipitates 
as M 23 C 6 carbides, M 7 C 3 caribides and cementites precipitate along grain boundaries. These precipitates precip- 
itate along grain boundaries in a film-like form in the early stage of precipitation and, therefore, around each of the 
above grain boundary precipitates, a zone free of other carbides such as MX type precipitates is formed, and the 
grain boundary strength becomes weak resulting in a reduction in creep rupture ductility or a deterioration in tough- 
ness. When, however, the film-like grain boundary precipitates change into spherical forms, carbide precipitate- 
free zones are recovered around the spherical grain boundary precipitates and the creep rupture ductility and 
toughness are recovered. Further, when M 23 C 6 carbides, M 7 C 3 caribides and cementites, which have changed 
into spherical forms, are uniformly present on the grain boundaries, the grain boundary sliding is prevented and 
the creep strength after a long period of use. 

7. When V is dissolved in the grain boundary precipitates such as M 23 C 6 carbides, M 7 C 3 carbides or cementites, 
the coarsening of the above precipitates becomes difficult to occur, and the decrease in creep strength after a long 
period of use is suppressed. 

8. When the amount of V among the metal elements constituting each grain boundary precipitate is not less than 
2% by mass and the minor axis length-to-major axis length ratio (minor axis/major axis) is not less than 0.5, good 
creep strength, creep rupture ductility and toughness are obtained. 

9. When the matrix of a low/medium Cr heat resistant steel is a bainite single phase structure, the MX type pre- 
cipitates inside grains tend to be uniformly distributed and the grain boundary precipitates also tend to become 
spherical. Therefore, the strength at elevated temperatures is high and, in addition, a very high creep strength can 
be secured even on the high temperature and after a long period of use, and the toughness is also very good. This 
is because when the matrix structure is a bainite single phase structure, the density of MX type precipitates be- 
comes higher as compared with the case where ferrite is present in the matrix structure and, in addition , it becomes 
difficult for plate-like or rod-like precipitates having a small "minor axis/major axis" value, which are observable at 
prior-austenite grain boundaries, ferrite-bainite interfaces or martensite-bainite interfaces, to precipitate as com- 
pared with the case where ferrite and martensite occur in admixture. 

10. When : in a low/medium Cr heat resistant steel having a specific chemical composition, the contents of B, N; 
Cr, V, Nb and Ti satisfy the relations (3) to (5) given below, the matrix microstructure becomes a bainite single 
phase structure. 
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B - (N/3) ^ 0 (3) 



5 (Cr/7) - V > 0 (4) 

log[(Cr/7) - V] x log(Nb + 2Ti + 0.001 ) m 2 (5) 

w [0029] The symbols for elements in the above formulas (3) to (5) represent the contents, on the % by mass basis. * J 
of the elements in the steel. 

[0030] The present invention has been completed based on the above findings. 

[0031] In the following, the respective elements of the invention are described in detail. The content "%" of each 
element means "% by mass". 

15 

(A) Chemical composition of the steel 

C: 

20 [0032] C forms MX type precipitates and M 2 X type precipitates with Cr, V, Mo and the like and is effective in increasing 
the strength at elevated temperatures and creep strength. At a C content below 0.01%, however, the amount of MX 
type precipitates and M 2 X type precipitates is insufficient and, further, the hardenability decreases and ferrite becomes 
easy to precipitate, hence the strength at elevated temperatures, creep strength and toughness are impaired. On the 
other hand, at a C content above 0.25%, MX type precipitates and M 2 X type precipitates and other carbides such as 

25 M 6 C carbides, M 23 C 6 carbides, M 7 C 3 carbides andcementites precipitate in excess and, therefore, the steel is markedly 
hardened, whereby the workability and weldabitity are sacrificed. Further, the martensite content in the microstructure 
increases, leading to decreases in creep strength on the long period side and in creep rupture ductility. Therefore, the 
C content has been restricted to 0.01-0.25%. The C content is preferably 0.02-0.15%, more preferably 0.06-0.08%. 

30 Cr: 

[0033] Cr is an element essential in securing the oxidation resistance and high temperature corrosion resistance. At 
a Cr content less than 0.5%, however, these effects cannot be obtained. On the other hand, at a Cr content exceeding 
8%, the weldability and heat conductivity become low and the economical efficiency decreases and, therefore, the 
35 advantages of low/medium Cr heat resistant steels decrease. Therefore, the Cr content has been restricted to 0.5-8%. 
A preferred Cr content range is 0.7-5% and a more preferred range is 0.8-3%. 

V: 

40 [0034] V is an important element for forming MX type precipitates. Thus, V binds to C and N to form fine V(C,N) and 
is effective in increasing the creep strength and strength at elevated temperatures. However, at a V content below 
0.05%, the amount of V(C,N) precipitates is small and thus will not contribute toward improvements in creep strength 
and strength at elevated temperatures. On the other hand, at a V content exceeding 0.5%, V(C,N) become coarse and 
ferrite tends to precipitate around the coarse V(C,N), thus rather impairing the creep strength, strength at elevated 

45 temperatures and toughness. Therefore, the V content has been restricted to 0.05-0.5%. The V content is preferably 
0.06-0.3%, more preferably 0.08-0.25%. A V content of 0.08-0.12% is much more preferred. 

Si: 

so [0035] Si serves as a deoxidizer and also increases the steam oxidation resistance of steels. However, when its 
content exceeds 0.7%, the toughness decreases markedly and it is also harmful to the creep strength. Therefore, the 
Si content should be not more than 0.7%. Although no lower limit is particularly given since the Si content may be at 
an impurity level, the Si content is desirably not less than 0.01%. A preferred Si content range is 0.1-0.6%, a more 
preferred range is 0.15-0.45% and a most preferred range is 0.15-0.35%. 

55 

Mn: 

[0036] Mn has desulfurizing and deoxidizing effects and is an element effective in improving the hot workability of 
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steels. Mn also is effective in increasing the hardenability of steels. However, at a Mn content above 1%. it impairs the 
stability of fine precipitates which are effective in creep strengthening and, in addition, part or the whole of the matrix 
becomes martensite according to the cooling conditions, hence the creep strength on the high temperature, after a 
long period of use. Therefore, the Mn content should be not more than 1%. While no lower limit is particularly given 
herein since the Mn content maybe at an impurity level, the Mn content is desirably not less than 0.01%. A preferred 
Mn content range is 0.05-0.65%. a more preferred range is 0.1-0.5% and a most preferred range is 0.3-0.5%. 
[0037] The heat resistant steel of the present invention is required only to contain the above-mentioned C. Si, Mn, 
Cr and V as constituent elements other than Fe. However, it may contain, in addition to the above components, Mo : 
W, Nb, N, Ti. Ta. Cu, Ni : Co, B, Al, Ca, Mg and Nd selectively according to need. Namely, the elements Mo, W, Nb, N, 
Ti. Ta, Cu, Ni, Co, B, AL Ca, Mg and Nd may be added as optional additive elements. 
[0038] In the following, the above optional additive elements are described. 

Mo, W: 

'5 [0039] These elements, when added, contribute to improvements in creep strength and strength at elevated tem- 
peratures through their solid-solution strengthening effect. They also form M 2 X type precipitates, hence improve the 
creep strength and strength at elevated temperatures by precipitation strengthening. These effects may be obtained 
at their impurity level contents. For obtaining more marked effects, however, a Mo content of not less than 0.01% or a 
W content of not less than 0.02% is preferred. However, at a Mo content exceeding 2.5% or a W content exceeding 

20 5%, their effects reach a point of saturation and, in addition, the precipitation of ferrite is promoted and the weldability 
and toughness are rather impaired. Therefore, when these elements are added, it is recommendable that the content 
of Mo be 0.01-2.5% and that of W be 0.02-5%. For Mo, a preferred range is 0.02-2%, a more preferred range is 
0.05-1.5%, and a range of 0.1-0.8% is still more preferred and a range of 0.3-0.6% is most preferred. A preferred W 
content range is 0.02-4% and a more preferred range is 0.05-3%. These elements may be used singly or both may be 

25 added in combination. When Mo and W are added combinedly to obtained the above effects markedly, the Mo (%) + 
0.5W (%) value is recommendably 0.01-2.5%. 

Nb: 

30 [0040] Like V, Nb, when added, forms MX type precipitates and thus improves the creep strength and strength at 
elevated temperatures through precipitation strengthening. It is also effective to suppress the coarsening of MX type 
precipitates and thus it increases the heat stability thereof and prevents the reduction in the creep strength after a long 
period of use. It is further effective in rendering grains fine and thus increasing the weldability and toughness and also 
effective in preventing the welding heat-affected zone (hereinafter referred to as HAZ) from softening. These effects 

35 may be obtained at its impurity level contents. For obtaining more marked effects, however, a Nb content of not less 
than 0.002% is preferred. At a Nb content above 0.2%, however, the steel hardens markedly and, in addition, MX type 
precipitates become rather coarse, whereby the creep strength, strength at elevated temperatures and toughness are 
impaired. Therefore, when it is added, the Nb content is desirably 0.002-0.2%. A preferred Nb content range is 
0.005-0.1% and a more preferred range is 0.01-0.07%, and a range of 0.02-0.06% is still more preferred. 

40 

N, Ti, Ta, Cu, Ni, Co: 

[0041] These elements, when added, are effective in increasing the creep strength and strength at elevated temper- 
atures. 

45 [0042] Thus, N binds to V, Nb, C and the like and forms fine precipitates inside grains and is thus effective in increasing 
the creep strength and strength at elevated temperatures. N is further effective in rendering grains fine and thus in- 
creasing the weldability and toughness and preventing the HAZ from softening. These effects of N may be obtained 
at its impurity level contents. For obtaining more marked effects, however, the N content is preferably not less than 
0.001%. At an N content exceeding 0.1%, however, the precipitates rather become coarse, whereby the creep strength, 

50 strength at elevated temperatures and toughness are impaired. Further, the addition of excess N has the disadvantage 
that the precipitation of proeutectoid ferrite is promoted. Therefore, when it is added, the N content is desirably 
0.001-0.1%. A preferred N content range of 0.002-0.05% and a more preferred range is 0.003-0.01%, and a range of 
0.002-0.007% is still more preferred. 

[0043] Ti and Ta, like V, form MX type precipitates and thus are effective in increasing the creep strength and strength 
55 at elevated temperatures through precipitation strengthening. Ti and Ta are further effective in rendering grains fine 
and thus increasing the weldability and toughness and preventing the HAZ from softening. These effects of Ti and Ta 
may be obtained at their impurity level contents. For obtaining more marked effects, however, the Ti content is preferably 
not less than 0.001% and the Ta content is preferably not less than 0.002%. At a Ti content above 0.1% or aTa content 
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above 0.2%, however, the steel hardens markedly, whereby the toughness, workability and weldability are impaired. 
Therefore, when Ti and/or Ta is added, the Ti content is .desirably 0.001-0.1% and the Ta content is desirably 
0.002-0.2%. A preferred Ti content range is 0.003-0.05% and a more preferred range is 0.005-0.015%, and a range 
of 0.005-0.01% is still more preferred. A preferred Ta content range is 0.005-0.1% and a more preferred range is- 

5 0.005-0.07%, and a range of 0.005-0.02% is still more preferred. 

[0044] Cu, Ni and Co are austenite-forming elements and have solid solution strengthening effects, hence are ef- 
fective in increasing the strength at elevated temperatures and creep strength. The above effects of Cu, Ni and Co 
may be obtained at their impurity level contents. For obtaining more marked effects, however, the content of each of 
them is preferably not less than 0.01 %. For each of Cu, Ni and Co, however, a content exceeding 0.5% rather causes 

'0 decreases in creep strength on the high temperature, after a long period of use. Excessive addition is undesirable from 
the economical point as well. Therefore, when Cu, Ni and/or Co is added, the content of each is desirably 0.01 -0.5%. 
For each of Cu : Ni and Co, a preferred content range is 0.02-0.3% and a more preferred range is 0.1-0.2%. In addition 
to the effects mentioned above, Cu is effective in increasing the thermal conductivity and Ni is effective in increasing 
the toughness. 

15 [0045] The above elements N, Ti, Ta, Cu, Ni and Co may be used singly or two or more of them may be added 
combinedly. 

B: 

20 [0046] B, when added, suppresses coarsening of precipitates and contributes to improvements in creep strength 
after a long period of use. Further, it is an element effective in increasing the hardenability and thus securing stable 
strength at elevated temperatures and creep strength. These effects may be obtained at its impurity level contents. 
For obtaining more marked effects, however, the B content is desirably not less than 0.0001%. At a B content exceeding 
0.1%, however, B markedly segregates at grain boundaries to cause grain boundary precipitates rather to coarsen, 

25 whereby the strength at elevated temperatures, creep strength and toughness are impaired. Therefore, when it is 
added, the content of B is recommendably 0.0001-0.1%. A preferred B content range is 0.0005-0.015% and a more 
preferred range is 0.001-0.008%, and a range of 0.001-0.004% is still more preferred. 

AI: 

30 

[0047] AL when added, produces a deoxidizing effect. This effect may be obtained at its impurity level contents. For 
obtaining more marked effects, however, the AI content is desirably not less than 0.001%. At an AI content exceeding 
0.05%, however, it impairs the creep strength after a long period of use and the workability. Therefore, when it is added, 
the content of AI is recommendably 0.001-0.05%. A preferred AI content range is 0.001-0.02% and a more preferred 
35 range is 0.002-0.01 5%. The term "A I content" as used herein means the content of acid-soluble AI (the so-called sol. AI) . 

Ca, Mg, Nd: 

[0048] These elements, when added, each fixes S and is effective in increasing the toughness and preventing the 
40 creep embrittlement. These effects may be obtained at their impurity level contents. For obtaining more marked effects, 
however, the content of each of the elements is desirably not less than 0.0001%. For each element, at a content 
exceeding 0.01%, however, it causes increases in the amount of oxides and sulfides and rather impairs the toughness. 
Therefore, when they are added, the content of each of the elements is desirably 0.0001-0.01 %. For each element, a 
preferred content range is 0.0002-0.005% and a more preferred range is 0.0005-0.0035%. These elements may be 
45 added singly or two or more of them may be added in combination. 

P,S: 

[0049] These elements are contained in steels as impurities and are harmful to the toughness, workability and weld- 
so ability and, in particular, they promote the temper embrittlement. Therefore, it is desirable that their content be as low 
as possible. The content of P is preferably not more than 0.03% and that of S not more than 0.015%. 

Relations or formulas (1 ) and (2): 

55 [0050] When M 6 C carbides precipitate out at grain boundaries, the creep strength , strength at elevated temperatures 
and toughness decrease. It is therefore essential to suppress the M6C carbides precipitation. 

[0051] As already mentioned hereinabove, the intensive investigations made by the present inventors have newly 
revealed that when the contents of C, Mn, Mo and W in a low/medium Cr heat resistant steel having such a chemical 
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composition as mentioned above satisfy the relations given hereinabove, M 6 C carbides will not precipitate, and as a 
result, the amount of solute Mo and the amount of solute W can be secured, whereby the reduction in the creep strength 
after a long period of use can be suppressed. Therefore, it has been prescribed that the value of "C - 0.06 x (Mo + 
0.5W)" should be not less than 0.01 and the value "Mn + 0.69 x log(Mo + 0.5W + 0.01 )" should be not more than 0.60, 
5 namely that the relations (1) and (2) should be satisfied. 

Relations or formulas (3), (4) and (5): 

[0052] Further, as a result of the intensive investigations made by the present inventors., it has been revealed that 
10 when the contents of B ; N. Cr, V, Nb and Ti in a low/medium Cr heat resistant steel having such a chemical composition 
as mentioned above satisfy the relations (3) to (5) given above, the matrix micro structure becomes a bainite single 
phase structure, the strength at elevated temperatures becomes high and a very high creep strength can be secured 
on the high temperature, after a long period of use as well and, furthermore, the toughness becomes very good. There- 
fore, in cases where a high strength at elevated temperatures and a high creep strength on the high temperature, creep 
15 strength after a long period of use are to be secured and where good toughness is required, it is desirable to prescribe 
that the value of "B - (N/3)" should be not less than 0 (zero), the value of "(Cr/7) - V" should be more than 0 and the 
value of "log[(Cr/7) - V] x log(Nb + 2Ti + 0.001 )" should be not more than 2, namely the above relations (3) to (5) should 
be satisfied. 

20 (B) Precipitates 

(B-1) Precipitates inside grains 

[0053] When fine precipitates are present inside grains . they contribute to precipitation strengthening and, in partic- 
25 ular when the density of occurrence of precipitates having an average diameter of not more than 30 nm is not less 
than 1/u.rn 3 , the precipitation strengthening effect is remarkable and it becomes possible to improve the strength at 
elevated temperatures and creep strength. 

[0054] Thus, when the precipitates inside grains become coarse and their average diameter exceeds 30 nm, their 
precipitation strengthening effect falls. On the other hand, even when precipitates having an average diameter of not 
30 more than 30 nm are present inside grains, a sufficient level of precipitation strengthening effect cannot be obtained 
if the density of occurrence thereof is less than 1/u,m 3 . 

[0055] Therefore, as regards the precipitates inside grains, it has been prescribed according to the invention that 
the density of occurrence of precipitates having an average diameter of not more than 30 nm should be not less than 
1/ujti 3 . 

35 [0056] As already mentioned hereinabove, the term "average diameter" as used herein specifically means the value 
defined as 1/2 of the sum of the minor axis length and major axis length. The precipitates having an average diameter 
of not more than 30 nm can be readily observed using a transmission electron microscope. In particular when an 
ultrahigh voltage transmission electron microscope is used, for example at an accelerating voltage of 3,000 kV it is 
possible to observe the objects in the atomic leveL the lower limit to the average diameter of the above precipitates 

40 may be set at about 0.3 nm corresponding to the lattice constant of Fe or the precipitates. At an ordinary accelerating 
voltage (e.g. 100-200 kV), however, those having an average diameter of 2 nm or smaller are out of the resolving 
power of a transmission electron microscope and may not be distinctly identified. Therefore, it is practical to set the 
lower limit to the average diameter of the above precipitates at 2 nm. 

[0057] On the other hand, when the density of precipitates having an average diameter of not more than 30 nm is 
45 higher, a higher level of precipitation strengthening effect is obtained. Therefore, the upper limit need not be set to the 
above-mentioned density. An actual upper limit is about 500/u,m 3 however. 

[0058] The density of precipitates inside grains can be determined, for example, by converting the two-dimensional 
data observed by using a transmission electron microscope to the three-dimensional one, as explained in the Bulltein 
of the Japan Institute of Metals, vol. 10 (1971), pages 279-289. 
so [0059] Thus, several fields (e.g. 5 fields) are photographed at a high magnification using a transmission electron 
microscope. The three-dimensional density of precipitates inside grains can be determined from the number N A of 
precipitates having prescribed sizes per unit area (1 ujn 2 ) as determined from the photos and the value N L calculated 
by dividing the number of points of intersection of arbitrary straight lines drawn on the photos and the precipitates by 
the length (u,m) of the lines. 

55 [0060], Specifically, the density N v (number of precipitates/}! m 3 )of occurrence of precipitates as defined by the 
present invention can be determined, for example, by photographing 5 fields at a magnification of 40,000 using a 
transmission electron microscope at an accelerating voltage of 100 kV ; determining the number N A of precipitates 
having an average diameter of 2-30 nm from the photos, calculating the value N L by dividing the number of points of 
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intersection of arbitrary straight lines drawn on the photos and the precipitates by the length (urn) of the lines and 
carrying out a calculation according to the equation (6) given below on the assumption that the precipitates has a disk 
form: 

N v = 2(N a 2 /tc)N l (6) 

[0061] In this case, there may of course be present precipitates having an average diameter exceeding 30 nm. The 
number thereof is desirably as small as possible, however. 
10 [0062] It is desirable that the precipitates inside grains be coherent precipitates, since when the precipitates having 
an average diameter of not more than 30 nm and precipitating inside grains are coherent precipitates (namely MX type 
precipitates or M 2 X type precipitates), a more increased creep strength can be obtained. 

[0063] As already mentioned hereinbefore, the term "coherent precipitates" as used herein includes not only precip- 
itates in a state completely coherent with the matrix but also precipitates for which the interface between the matrix 

'5 and the precipitate is partially coherent, with interface dislocations existing there. 

[0064] Since coherent strains are found around the coherent precipitates, whether the precipitates are coherent 
precipitates or not can be judged by examining for the occurrence ot coherent strains by observation using a trans- 
mission electron microscope. Specifically, when the direction of incident electron beams is selected so as to establish 
two-beam diffraction conditions at a high magnification of 20,000 or more using a transmission electron microscope, 

20 a contrast due to a coherent strain appears and Ihe presence or absence of a coherent strain can be identified. There- 
fore, whether the precipitates are coherent ones or not can be judged. 

(B-2) Grain boundary precipitates 

25 [0065] As already mentioned, when M 6 C carbides precipitate out at grain boundaries, the creep strength and/or 
strength at elevated temperatures decreases. Therefore, it is essential to suppress the precipitation of M 6 C carbide. 
Thus, for not only increasing the creep strength and strength at elevated temperatures but also increasing the creep 
rupture ductility and toughness, it is preferable to consider the precipitates at grain boundaries besides M 6 C carbides 
as well as the precipitates inside grains. 

30 [0066] Even in a component system in which M 6 C carbides will not precipitate at grain boundaries, precipitates such 
as M 2 3C 6 carbides , M 7 C 3 carbides and/or cementites precipitates along grain boundaries and, when these grain bound- 
ary precipitates change to spherical in shape, the creep rupture ductility and toughness are recovered. When the value 
of the "minor axis/major axis", which is the ratio of the length of the minor axis and major axis of grain boundary 
precipitates is not less than 0.5, the creep rupture ductility and toughness are markedly recovered. 

35 [0067] Further, while V is hardly soluble in M 6 C carbides or, in other words, V is hardly contained among metal 
elements M constituting M 6 C carbides, V is soluble in grain boundary precipitates other than M 6 C carbides, for example 
in M 2 3C 6 carbides, M 7 C 3 carbides and cementites (M 3 C carbides), hence V is included among the metal elements M. 
And, as the amount of V in the above precipitates increases, the coarsening of precipitates becomes difficult to occur 
and the reduction in creep strength after a long period of use is prevented and, in particular when the amount of V 

40 among the metal elements M becomes more than 2%, the creep strength after a long period of use, the creep rupture 
ductility and the toughness become stabilized. Further, the temper embrittlement becomes difficult to occur. 
[0068] Therefore, for increasing the creep strength after a long period of use, creep rupture ductility and toughness 
and rendering the temper embrittlement difficult to occur, it is desirable that the amount of V among metal elements 
constituting each grain boundary precipitate be not less than 2% by mass and that the ratio of minor axis to major axis 

45 (minor axis/major axis) thereof be not less than 0.5. 

[0069] V tends to be soluble particularly in M 23 C 6 carbides, M 7 C 3 carbides and cementites among grain boundary 
precipitates including V among metal elements M. Therefore, it is desirable that at least one of M 23 C 6 carbides, M 7 C 3 
carbides and cementites be present as grain boundary precipitates. 

[0070] The upper limit to the content of V among metal elements constituting each grain boundary precipitate is not 
50 particularly specified herein . However, when the amount of V in each grain boundary precipitate is in excess, the amount 
of the above-mentioned MX type precipitates decreases. Therefore, the upper limit to the amount of V is preferably 
set at not more than 10%. 

[0071] The amount of V occurring in grain boundary precipitates can be determined by energy dispersive X-ray 
analysis (EDX analysis) using a transmission electron microscope. 

55 
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(C) Matrix microstructure 

[0072] As for the microstructure of the matrix of the low/medium Cr heat resistant steel of the present invention, no 
particular prescriptions need be made. However, when the matrix microstructure contains ferrite, the strength at ele- 

5 vated temperatures, creep strength and toughness may lower in some instances and, when the matrix microstructure 
contains martensite, the creep strength may decrease after a long period of use in certain instances. On the contrary, 
when the matrix has a bainite single phase structure, the strength at elevated temperatures is high and a high level of 
creep strength can be secured even on the high temperature, after a long period of use, and the toughness is also 
good. Therefore, in cases where the strength at elevated temperature and creep strength after a long period of use 

10 are to be secured and good toughness is also required, it is desirable that the matrix microstructure be a bainite single 
phase one. 

[0073] When the contents of B : N, Cr, V, Nb and Ti satisfy the above-mentioned relations (3) to (5), the matrix micro- 
structure of the low/medium Cr heat resistant steel of the present invention becomes a bainite single phase structure. 
[0074] The low/medium Cr heat resistant steel of the present invention may be a forging steel produced by melting. 
15 casting and hot working or a cast steel to be used as cast. 

[0075] When a forging steel or cast steel whose material steel has the chemical composition mentioned above under 
(A) is subjected to the heat treatment steps mentioned below, it is relatively easy to cause the precipitates inside grains 
and grain boundary precipitates to have the predetermined respective sizes, densities, compositions and shapes. 

20 (D) Heat treatment 

(D-1) Normalizing: 

[0076] Normalizing is preferably carried out at a temperature which is not lower than the austenite transformation 
25 temperature and at which precipitates inside grains are dissolved and grain growth can not be occurred, and after 
normalizing, cooling is preferably carried out at a rate of cooling of not slower than 200°C/hour. Specifically, the nor- 
malizing temperature is preferably about 900-1 ,100°C : more preferably 920-1 ,050°C, although it may vary depending 
on the chemical composition of the material steel. The rate of cooling following normalizing is preferably as fast as 
possible but, from the practical viewpoint, the rate of cooling which corresponds to water quenching (namely a cooling 
30 rate of about 5°C/sec) or below is sufficient. 

(D-2) Tempering: 

[0077] It is preferably that tempering follows the above cooling after normalizing to make the desired precipitates to 
35 precipiate inside grains. Further, due to tempering, V can be soluble in grain boundary precipitates (namely, V partitions 
to metal elements constituting grain boundary precipitates). The tempering temperature is, for example, 550°C to the 
AC1 transformation temperature, whereby satisfactory results are obtained. The tempering is preferably carried out in 
the temperature range of (AC1 transformation temperature - 50°C) to the AC1 transformation temperature. 
[0078] As already mentioned, the low/medium heat resistant steel of the invention may be a forging steel or a cast 
40 steel. However, a large number of dislocations have been introduced into a forging steel which has been hot worked 
in a high temperature austenite zone and, therefore, the density of precipitates having an average diameter of not more 
than 30 nm and occurring inside grains generally increases more readily in a forging steel and the strength of the 
forging steel can more readily be increased, as compared with a cast steel, since the dislocations serve as nucleus 
forming sites for precipitation; hence forging steels are preferred. However, even for forging steels, for thoroughly 
^5 utilizing the effects of hot working, heating in the temperature range from the AC3 transformation temperature to 
1 ,300°C is preferably followed by hot working at a rolling reduction of not less than 50%. This is because when the 
heating temperature and rolling reduction are within the above ranges, sufficient effects of hot working can be produced. 
Further, when hot working is directly followed by normalizing, the production cost can be reduced as a result of energy 
saving. 

50 [0079] The following examples illustrate the present invention in more detail. 
(Examples) 

[0080] Thirty-eight steel species having the respective chemical compositions shown in Tables 1 to 4 were melted 
55 and the ingots of the respective steels as obtained, except for the ingots of steels C and K, were heated to a temperature 
of 1 ,000-1 ,200°C and hot rolled at a rolling reduction of 50-70% to give 50-mm-thick plates. The ingots of steels C and 
K were directly subjected to machining to give 50-mm-thick plates 

[0081] In Tables 1 to 4, steels A to V, steel 12, steel- 13 and steel 16 are steels whose components satisfy the re- 



11 



BNSOCCID: <EP. 



1 143026A1 J_> 



EP 1 143 026 A1 



quirements posed by the present invention. whereas steels 1 to 11 . steel 14 and steel 15 in Tables 3 and 4 are steels 
one component of which fails to satisfy the conditions prescribed by the present invention. 
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55 [0082] Then, the plates obtained were subjected to heat treatment comprising normalizing and tempering under the 
conditions shown in Table 5. The tempering conditions are given in terms of the parameter P LM value. After normalizing, 
other steels than steel K and steel 8 were air-cooled and the steel K and steel 8 were water-quenched. 
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Table 5 



10 



15 



20 



25 



30 



35 



40 



45 



Steel 


Normalising Temperature ( C C) 


Tempering Parameter P L m 


Microstructure of the matrix 


A 


930 


20300 


B 


B 


1050 


20900 


B 


C 


930 


19900 


B 


D 


930 


20300 


B+F 


E 


920 


20500 


B 


F 


920 


20300 


B 


G 


950 


21000 


B+F 


H 


1100 


20900 


B 


I 


1050 


20900 


B 


J 


1050 


20900 


B 


K 


950 


20500 


B 


L 


950 


20500 


B 


M 


950 


20500 


B 


N 


1050 


20500 


B 


0 


1050 


20500 


B 


P 


1050 


20900 


B 


Q 


950 


20500 


B+F 


R 


1050 


20500 


B+F 


S 


950 


20500 


B+F 


T 


1050 


20900 


B+F 


U 


950 


20500 


B 


V 


920 


19900 


B+F 


* 1 


920 


20300 


B+F 


* 2 


920 


20300 


B+F 


"3 


1050 


20300 ' 


B 


* 4 


930 


20300 


B 


* 5 


950 


19900 


B+F 


* 6 


950 


19900 


B+F 


* 7 


930 


20300 


B+F 


* 8 


1050 


19900 


M 


* 9 


950 


20500 


M+F 


*10 


950 


20500 


F 


•11 


950 


20500 


B+F 


12 


1050 


21050 


B 


13 


1050 


21050 


B 


*14 


950 


21050 


B 


*15 


960 


18700 


B+F 


16 


960 


18700 


B+F 



(h). 



50 



P LM =(T+273)X(logt+20). In this formula, T denotes tempering temperature (°C), and t denotes tempering time 

In the "Microstructure of the matrix" column, B denotes bainite, F denotes ferrite, and M denotes martensite, 
Symbol * indicates fatling outside the conditions specified by the present invention. 



[0083] Test specimens were taken from each plate after the above heat treatment, the specimens were electro- 
polished and the resulting thin films were examined using a transmission electron microscope (accelerating voltage 
200 kV) in order to estimate the size, density and shape of precipitates The face of the tissue observation was the 
55 "longitudinal section" (the so-called "L section") of each plate. For the plates produced by hot rolling, the direction of 
rolling was the longitudinal direction of the plates. For the plates made by direct machining, the direction of ingot casting 
'employed was taken as the longitudinal direction of the plates. 

[0084] The density of precipitates having an average diameter of not more than 30 nm was determined by taking 
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photos of 5 fields at a magnification of 40,000 and converting the two-dimentional data obtained from the photos to 
the three-dimensional data according to the formula (6). 

[0085] The coherent precipitates were identified based on the presence or absence of a contrast due to coherent 
strain as observed by the two-beam diffraction method using a transmission electron microscope. The average diameter 
and particle density of the precipitates were measured in a condition where the electron beams is perpendicular to the 
{001} face of the matrix. As a result of observation, it was confirmed that the precipitates all had a true circle disk-like 
form and that the major axis = the minor axis. 

[0086] The amount of V in grain boundary precipitates was determined by EDX analysis of the precipitates observed 
under the transmission electron microscope. 

[0087] As for the strength at elevated temperatures, test specimens having a diameter of 6 mm and a parallel portion 
length of 30 mm were prepared and subjected to tensile testing at 500°C and 550°C by the conventional method and 
the tensile strength was measured. 

[0088] In creep testing, test specimens having a diameter of 6 mm and a parallel portion length of 30 mm were 
prepared and tested at 500°C and 550°C for maximum 1 0,000 hours, and the average creep rupture strength for 500°C 
x 8,000 hours was determined by interpolation. 

[0089] Further, the rate of reduction in strength due to long time creep was quantitated by considering in terms of 
the ratio of 10,000-hour rupture strength to 100-hour rupture strength for each temperature. 

[0090] In the Charpy impact test, 2 mm V-notched Charpy specimens as prescribed in JIS Z 2202 and having a width 
of 10 mm, a thickness of 10 mm and a length of 55 mm were used and the ductile-brittle transition temperature (°C) 
was determined. 

[0091] The results obtained in the above manner are shown in Tables 6 and 7. 



17 



EP t 143 026 A1 



w 



15 



20 



25 



30 



35 



40 



45 



50 







CJ 


















































c= 


u_ 










































>- 








o 


05 




















































«3 










































CJ 
JCC. 






Cl 






a-' 






co 


co 


CO 


CM 


oo 


ITS 


CO 


CO 


co 




CO 


co 


C<J 


CO 


CO 


CO 




— — 






Urn 


CO 


o 






OO 






1 


— — 




— • 




CO 


^s- 


— - 


cro 




— 


CO 


— 










CO 


cr 








































= 








CO 


















































CU 




CJ 




























































































- 


£= 

to 
















p 


CO 


CO 




CO 






co 


CTl 


CO 


CO 


CO 




oo 




CO 


CO 


QJ 








JS. 


t50 








CO 












-o- 


CO 


03 


CO 




CO 




CO 




CM 


CO 








CO- 


co 








o 










































CO 


CJ 








uo 


co 


co 


o 


eo 




<o 


s=> 


O 


CO 


CO 


CO 


CO 


CO 


CO 


CO 


CO 


CO 


^= 








u_ 








CO 










































\ 

CO 


CO 










































■o 


















































CJ 








a. 


o 








CO 


— > 


CO 


CO 


CV> 


CO 


oo 


— 


CO 


— 


cn 


CO 


CO 


«_o 


t— 


o~» 


-CJ 


cu 






co 


o 








CO 


TT 




wo 


CO 


CO 


co 


lo 


co 


CO 




CO 




*cr 




co 


co 










CO 


gj 








CO 


































CJ 


CO 






f— ~> 


«— 








lo 


































CO 










CJ 










































QJ 


X 

to 




































































































Q. 










a. 


















































o 


QJ 










































CO 


o 






CO 


GJ 
*— 




CO 










LO 


O 








00 


pH 






f-H 


OO 


CO 


C7> 


LO 


bp 


— 






CO 
CO 


CJ 


JO 












CO 


>J 




v T J 


CO 


/ s 


CM 




CM 




CM 




CM 


C>J 




s 






age 


— - 

c: 








CM 


CN3 


CM 








CM 


C\J 




CSJ 




C\* 




CNI 


PO 


C>J 


hav 


\ 




o 




















































co 


GJ 


L* 








































60 








CO 


> 


CO 








































QJ 


bo 




> 














































:0 






















































aj 












QJ 




[ J 


r— 






oo 


cn. 


to 


to 


CO 


CO 


oo 




CO 


co 


CO 


— . 


CO 




_■ 












t— 




tW 


co 


CO 


CO 


C73 


oo 


CO 




CO 


co 


oo 


CO 


cn 


CO 


CO 


CO 


— 


Q. 














=3 




CO 


ro 




CO 


CO 


*"~ 


CO 




r^j 


Tf 


CO 




CO 


-o- 


CO 








to 








^= 


-co 




uO 


































cu 






cu 


QJ 


-^-» 

bjo 


CJ 


CO 


pi 


uo 


































CJ 






CO 




c= 


CO 


QJ 


2 




































a. 


CO 




cu 
i— 




cj 


> 


o. 




f— 


r 


uo 


i-K> 


05 


& 


co 


t*- 


CO 


CO 


co 


co 


eo 


CO 




esa 




1— 




Q. 






CJ 


s 


CO 


CO 


cn 


to 




<o 




co 


CO 


CO 




CO 




c— 




OO 


o 


o 






CJ 






OJ 




co 


CO 


CO 


co 




CO 


CO 


CO 




LO 


T?» 


CO 


-o* 








■^r 


c= 






QJ 


J— 


to 


cu 






CO 


































CJ 












bo 




CO 










LO 


























t— 

CJ 


















































CO 


■o 


-o 




to 


o 


co 


QJ 


CO 






0?*i 






1 o 

CI J 


' 1 


C*J 


















OJ 


CO 


OJ 


-o 


>* 




E 




S 


CO 




































QJ 


CJ 


CJ 


u- 




CO 


QJ 


GJ 


CO 


































QJ 


B 


QJ 




cO 

-o 


CO 

— 


>- 




— 

CJ 


E 


I 


1 
1 












C_J 


1 
1 


1 




1 
1 


1 

1 


1 


i 


i 
1 


— 


c 


cu 




c 














































o 




CJ 




CL 
















































spe 


o 

-C2 


CJ 




o 




















cO 


LO 






LO 






LO 




CO 


CO 


o 


c 


QJ 
t* 










CO 


r— * 


CN3 


rH 




CN3 


CO 


CM 




1—4 


CO 


CM 


CO 


•T-H 










== 


CO 




CL 


CO 


CO 






































OO 


iO 


CO 


c= 


R9 
















































CO 


O 






>< 

CO 




















^) 












C_J 








CO 

QJ 
E 


X 
CO 


>■ 




































































































s 








cs 












































( 




CO 


O 


cu 




QJ 










































S 




o 


v— 




bC 
















































cu 




CO 




E 


















LO 




















— — 




cu 


js 




t. 


o 


JO- 




































O 


CO 




CO 


to 
qj 


ave 


to 


CO 

CO 




















LO 
















S 


CJ 
CO 


ean 


cu 








© 










• 






















m 






o 


cu 


E 


-o 


o 


co 


cs 
CO 




CO 
CO 


a. 


I 


1 


O 


CS3 


1 


CM 


CM 


o 


o 


1 


1 


1 


I 


o 


I 


1 


CJ 


co 


E 


CO 








o 




\ 


































CO 




t 






Q. 


bo 




— ' 


































QJ 




C 










cu 






































o. 




o 


CO 


o 




E 


QJ 




































CO 










cu 


> 


cO 








































CJ 




bO 


qj 


i— 


CO 




O 






































QJ 


E 


s 




CL 




-o 


E 




































Cm 


1— 


= 


















































to. 










QJ 








































o 




O 








be 








































CJ 




CJ 


eO 






CO 


— * 


E 
















































t_ 


o 


CO 
































LO 


LO 


Q. 


CO 


CO 






CO 


QJ 
>• 




CO 












UJ 








1 o 
UJ 






r—t 


CM 






*o 


CO 


CO 
QJ 




GJ 


CO 




CO 




































O 




cu 




O 


CO 


co 


o 

«— 


co 
co 


E 

\ 


I 


t 


CO 


CO 


O 


CM 


LO 


o 


O 


CM 


1 


o 


O 


CM 


o 


O 




o 
J=> 


S 
QJ 


ica 


>. 


O. 


too 


QJ 
















r-H 


CO 












t— t 






to 


c= 


CJ 










QJ 




































C= 


CO 






to 


cj 




s 


QJ 


































QJ 


u. 


CO 






cu 


> 


CO 






































-o 


bD 






Co 


i— 


CO 




O 
























-w- 
















CU 






Q. 






s 




































CJ 


QJ 


S 


















































JO 




o 


















































oo 


JO 






QJ 












CO 






co 




oo 




O 




CSJ 


CO 




CO 


CO 






cc 


S 






QJ 








































e= 


c 


o 


>* 


















































E 


co 






co 












-««- 


+*■ 


-•«- 






■H- 


•*+ 


<♦♦■ 


■M- 
















CO 





[0092] As is evident from Tables 6 and 7, steels A to V satisfying the requirement posed by the present invention 
concerning the density of particle of precipitates having an average diameter of not more than 30 nm and occurring 
inside grains each has high strength at elevated temperatures and creep property and further has good toughness. It 
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is also evident that, among the steels mentioned'above, steel A to R and steel T whose grain boundary precipitates 
satisfy the requirements posed by the present invention have better characteristics. It is further evident that steels A 
to C ; steel E, steel F and steels H to P the components of which satisfy the above-mentioned relations established by 
the present invention and whose matrix has a bainite single phase structure have still better characteristics. 
5 [0093] On the contrary, steels 1 to 11, steel 14 and steel 15 one component of which fails to meet the relevant 
requirement prescribed by the present invention are inferior to the steels of the present invention in at least one of the 
following characteristics: strength at elevated temperatures, creep property and toughness. 

[0094] On the other hand, steel 12, steel 13 and steel 16 whose constituents satisfy the conditions imposed by the 
present invention but for which the density of particle of precipitates having an average diameter of not more than 30 
10 nm fails to meet the requirement imposed by the present invention are inferior in strength at elevated temperatures 
and creep strength to the steels of the present invention. 

INDUSTRIAL APPLICABILITY 

15 [0095] The heat resistant steel of the present invention retains a high level of creep rupture strength at elevated 
temperatures not lower than 400°C, in particular in the temperature range of about 400-600°C, and, even after a long 
period of use in such a temperature range, it shows stable strength at elevated temperatures. Further, it is excellent 
in toughness. Therefore, it can be used in the field of applications such as heat exchangers, steel pipes for piping, heat 
resistant valves and members or parts requiring welding. Further, the heat resistant steel of the present invention has 

20 excellent properties as mentioned above and, therefore, can be use in those filed where high Cr steels having increased 
alloying element contents alone have been considered usable; thus, the economical effect thereof is significant. 

Claims 

25 

1. A heat resistant steel which comprises, by mass %, C: 0.01-0.25%, Cr: 0,5-8%, V: 0.05-0.5%. Si: not more than 
0.7%, Mn: not more than 1%, Mo: not more than 2.5% : W: not more than 5%, Mb: not more than 0.2%, N: not 
more than 0.1%, Ti: not more than 0.1%, Ta: not more than 0.2%, Cu: not more than 0.5%, Ni: not more than 0.5%, 
Co: not more than 0.5%, B; not more than 0.1%, At: not more than 0.05%, Ca: not more than 0.01%, Mg: not more 
30 than 0.01%, Nd: not more than 0.01%, with Fe and impurities accounting for the balance, the chemical composition 

of which satisfies the relations (1) and (2) given below and in which, among precipitates inside grains, precipitates 
having an average diameter of not more than 30 nm are present at a density of not less than 1/^tm 3 : 

C - 0.06 x (Mo + 0.5 W) ^ 0.01 (1), 



Mn + 0.69 x log(Mo + 0.5 W + 0.01 ) < 0.60 (2), 

40 wherein, in the above formulas (1) and (2), the symbols for elements represent the contents, on the % by mass 

basis, of the elements in the steel. 

2. The heat resistant steel according to Claim 1 , wherein the amount of V among the metal elements constituting 
each grain boundary precipitate is not less than 2% by mass and the value of the ratio between the length of the 

45 minor axis and major axis "minor axis/major axis" thereof is not less than 0.5, 

3. The heat resistant steel according to Claim 1 or 2, wherein the chemical composition further satisfies the following 
relations (3) to (5): 

50 B - (N/3) ^ 0 (3), 



(Cr/7) - V > 0 (4), 

55 

log[(Cr/7) - V] x log(Nb + 2Ti + 0.001 )I2 (5), 
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wherein, in the above formulas (-3) to (5), the symbols for elements represent the contents, on the % by mass 
basis, of the elements in the steel. 

4. The heat resistant steel according to any one of Claims 1 through 3. wherein the contents of Mo and W give a 
value of Mo (%) + 0.5W(%) of 0.01 -2.5% and the content of Nb is 0.002-0.2%. 

5. The heat resistant steel according to any one of Claims 1 through 4, wherein at least one of the following content 
requirements is satisfied: the N content of 0.001-0.1%, theTi content of 0.001-0.1%, the Ta content of 0.002-0.2%, 
the Cu content of 0.01-0.5%, the Ni content of 0.01-0.5% and the Co content of 0.01-0.5%. 

6. The heat resistant steel according to any one of Claims 1 through 5, wherein the content of B is 0.0001 -0.1%. 

7. The beat resistant steel according to any one of Claim 1 through 6, wherein the content of Al is 0.001-0.05%. 

8. The heat resistant steel according to any one of Claims 1 through 7, wherein at least one of the following content 
requirements is satisfied: the Ca content of 0.0001-0.01%, the Mg content of 0,0001 -0.01% and the Nd content of 
0.0001-0.01%. 

9. The heat resistant steel according to any one of Claims 1 through 8, wherein the contents of the impurities P and 
20 S are not more than 0.03% by mass and not more than 0.015% by mass, respectively. 

10. , Aheat resistant steel excellent in strength at elevated temperatures which comprises, bymass %, C: 0.01 -0.25%, 
Cr: 0.5-6%. V: 0.05-0.5%, Si: .not more than 0.7% and Mn: not more than 1%. with Fe and impurities accounting 
for the balance, in which coherent precipitates having an average diameter of not more than 30 nm as confirmable 

25 upon observation of a section of the steel using a transmission electron microscope at an accelerating voltage of 

not lower than 100 kV are present inside grains at a density of not less than 1/jim 3 and in which grain boundary 
precipitates of at least one species selected from among cementites, M 7 C 3 carbides and M 23 C 6 carbides are 
present at grain boundaries, the amount of V among the metal elements constituting each grain boundary precip- 
itate being not less than 2% by mass, the value of the ratio between the length of the minor axis and major axis 

30 "minor axis/major axis" thereof being not less than 0.5. 

11. The heat resistant steel according to Claim 10, which further comprises an element or elements of one or more 
groups selected from the groups (a) to (g) listed below in lieu of part of Fe: 

35 (a): one or more selected from among Nb: 0.002-0.2%, Ti: 0.001 -0.1% and Ta: 0.002-0.2% by mass; 

(b) : N: 0.001-0.1% by mass: 

(c) ; one or both of Mo: 0.01-2.5% and W: 0.02-5% by mass; 

(d) : B: 0.0001-0.1% bymass; 

(e) : one or more selected from among Co: 0.01-0.5%. Ni: 0.01-0.5% and Cu: 0.01-0.5% by mass; 
*o (f):AI: 0.001-0.05% by mass; and 

(g): one or both of Ca: 0.0001-0.01% and Mg: 0.0001-0.01% by mass. 

12. The heat resistant steel according to Claim 10 or 11 , wherein the contents of P and S as impurities are not more 
than 0.03% and not more than 0.015% by mass, respectively. 

45 
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